Background The purpose of this study is to measure blood flow velocity of rabbit retinal vessels using a 45-MHz ultrasonic Doppler system with a needle transducer. Methods A high-frequency pulsed Doppler system that utilizes a 45-MHz PMN-PT needle transducer was developed to measure retinal blood flow velocity in situ. The pulsed Doppler allowed the differentiation of retinal from choroidal blood flow velocity. The needle transducer was inserted into the vitreous cavity through a 20-gauge incision port to access the retinal vessels. The first phase of the experiment evaluated the reproducibility of the measurements. The second phase measured velocities at four positions from the optic disc edge to the distal part of each vessel in nine eyes for the temporal and six eyes for the nasal portions. The angle between the transducer and the retinal vessel at each site was measured in enucleated rabbit eyes to estimate and compensate for measurement errors. Results In the first phase, the average measurement error was 5.97±1.34%. There was no significant difference comparing all eyes. In the second phase, the velocities gradually slowed from the disc edge to the distal part, and temporal velocities were faster than nasal velocities at all measurement sites. Conclusion This study demonstrated the feasibility of reliably measuring retinal blood flow velocity using a 45-MHz ultrasonic Doppler system with a needle transducer. Dong-Guk Paeng contributed equally to this work.
Introduction
Hemodynamics of retinal circulation remains an active area of study, since measurement of retinal and choroidal blood flow has been one of the most difficult challenges in ophthalmology. Ocular hemodynamic changes are known to be associated with ocular diseases such as retinal arterial and venous occlusion, macular degeneration and edema, glaucoma, and diabetic retinopathy [1] . Any technique that allows an accurate measurement of retinal blood flow would be an important diagnostic tool and would help clinicians corroborate diagnoses, evaluate therapeutic treatments, and provide early detection in at-risk populations [2] .
Several techniques have been used to measure retinal blood flow. Most experimental methods, such as the isotope clearance method [3] , the microsphere method [4, 5] , the heated thermocouple technique [6] , and the hydrogen gas clearance method [7] were too invasive and therefore deemed inappropriate for human applications. Laser Doppler velocimetry, laser Doppler flowmetry, fluorescein angiography, indocyanine green angiography and blue field entoptic technique are used to measure retinal and choroidal blood flow. However, the suitability of methods to measure ocular circulation is limited by their sensitivity to small hemodynamic changes and by their reproducibility [1] . Measuring a selected portion of the retinal vessels during eye surgery is more difficult because of the functional limitations of these methods and patient positioning during surgery.
Ultrasonic techniques have been developed to investigate blood flow velocity in ocular arteries and veins. Color Doppler imaging has been used extensively to measure blood flow velocity in the ophthalmic artery and the posterior ciliary artery [1, [8] [9] [10] [11] [12] . However, conventional ultrasonography cannot measure the diameter of small retinal vessels for volumetric blood flow because of poor resolution. Moreover, the sensitivity of conventional ultrasonography to slow blood flow velocity in small retinal vessels is inadequate.
Our laboratory recently developed a high-frequency Doppler system with a needle transducer that could measure in vivo retinal blood velocity in the rabbit using a minimally invasive approach [13] . This previous study showed just the possibility of measuring retinal blood flow but did not measure the blood flow velocity from retinal vessels extensively with spatial information. One challenge in using this measurement technique is differentiating between the retinal and choroidal vessels, since these vessels are located closely. Therefore, our current study monitored the time-gated Doppler signals to ensure separation of retinal vessels from choroidal vessels.
Although the structure of rabbit retinal and choroidal vessels is not identical to the corresponding human vessels, this work should be useful since rabbits are often used in animal studies of eye diseases, especially for those diseases related to vascular occlusion [14] .
Materials and methods
An angled high-frequency needle transducer PMN-33%PT was chosen as the piezoelectric material for the active transducer element because of its high electromechanical coupling coefficient, low dielectric loss, and high relative clamped dielectric constant. These features, in combination, make it an ideal candidate for fabricating very sensitive, small-aperture, high-frequency transducers. The resulting instrument makes it easier to detect blood flow from the small retinal vessel (<200 μm in diameter) [13] .
The center frequency of the transducer was about 45 MHz. The bandwidth at −6 dB was measured to be approximately 53%. Its sensitivity was sufficient for detecting weak Doppler signals from retinal vessels based on the previous study [13] .
The needle transducer was designed with a 45°beveled tip for easy access to the retinal vessels and its outer diameter is around 1 mm. [15] . A representative finished PMN-PT high sensitivity needle transducer is shown in Fig. 1 .
High-frequency Doppler system
Because of the small backscatter coefficient of blood, the signal-to-noise ratio (SNR) of the Doppler system plays a significant role in blood flow velocity measurement. Therefore, a customized high-frequency pulsed-wave Doppler system was developed to achieve a high SNR. The digitized Doppler signals were converted into a directional spectrogram in real time using Labview-based software (National Instruments Corp., Austin, TX, USA). Further off-line analysis was conducted using MATLABbased software (The MathWorks Inc., Natick, MA, USA) [15] . To differentiate retinal blood flow velocity from choroidal blood flow velocity, an electronic time gating was applied to 200 ns from the first echo signals from the tissue (Fig. 2) . The Doppler sampling gate was 100 ns. All system and software were developed at the University of Southern California. Pigmented rabbits, each weighing from 2 to 3 kg, were used for all experiments. The left eyes of five rabbits were used for the first phase of the study, the repeatability test. The left eyes of nine rabbits were used in the second phase to measure blood flow velocity of retinal vessels. The right eyes of all rabbits were used as controls. All eyes were examined and confirmed intact and normal before beginning the study.
Initial sedation was induced with intramuscular injection of ketamine hydrochloride (25 mg/kg) and xylazine hydrochloride (6 mg/kg). The pupils were dilated with a topical application of phenylephrine hydrochloride 2.5 % and tropicamide 0.5 % eye drops. After the experiment was completed, the rabbits were euthanized with an intracardiac injection of sodium pentobarbital (120 mg/kg).
The procedures were performed under anesthesia using an operating microscope; a speculum was used to keep the eyelids open. A vitrectomy lens was placed on the cornea with a lens handle ring to visualize the fundus and the vitreous cavity. A scleral incision was made in the inferonasal portion of the left eye 1.5 mm behind the limbus, using a 20-gauge blade.
The intraocular Doppler ultrasound transducer was inserted through this scleral incision and the tip was directed to the measurement site (Fig. 3) . Blood flow velocities in retinal veins and arteries were then measured. Fig. 4 The measurement sites were designated according to the distance from optic disc edge
Measurement sites and methods
From the optic disc edge to the distal part of the retinal vessels, four positions on one retinal vessel were selected. The position on the optic disc edge was designated position 0. Position 1 was 1 mm distal; position 2 was 2 mm distal; and position 3 was 3 mm, respectively, from the disc edge (Fig. 4) .
During the first phase, the measurement variation caused by the human positioning of the transducers was evaluated. Ten independent measurements were repeated with the same transducer at selected sites in five eyes.
After the first phase, blood flow velocities in the retinal veins and arteries were measured by the same surgeon at all four positions (position 0 through position 3). Nine eyes were used to measure temporal vessels and six to measure nasal vessels.
Each position of the probe was controlled through the operating microscope. The distance from the vessel was fixed using real-time Doppler signal shape and the measurement site was measured with the diameter of the transducer as a 1-mm marker.
Doppler angle estimation
Estimation of blood flow velocity by high-frequency ultrasound has been studied [11] . Flow velocity can be estimated by the Doppler equation [12] :
∆f is the measured Doppler shift frequency, f 0 is the center frequency of the transducer, c is the sound velocity in a medium; and θ is the angle between the ultrasound beam and the flow [15] . In our ultrasound Doppler measurements, f 0 was 45 MHz and c was 1,500 m/s. θ is often estimated from the corresponding B-mode images; however, B-mode images were not available in our system [15] . To overcome this limitation, the Doppler angle was estimated in the following manner. A masked experiment was performed to measure the Doppler angle between the front surface of the transducer and retinal vessels at both sides of position 3 and position 0 in ten enucleated rabbit eyes (Fig. 5 )
Results
The average Doppler angle measured by a masked observer was 79.89°±2.26°at the nasal aspect, 79.50°±3.63°at the optic disc, and 80.13°±4.67°at the temporal aspect. Since the mean and standard deviation of the estimated Doppler angle was 79.84°±3.46°, the Doppler angle θ was estimated at 80°for this experimental study. During the first phase of the study, the average measurement error of ten Doppler measurements at a selected site of retinal vessel was 5.97±1.34%. There was no significant difference for all eyes.
In the second phase, as shown in Table 1 , the blood flow velocity was fastest in the artery at the edge of the optic disc and slowest in the most distal part of vein. From the central to the distal part of retinal vessels, the velocities were slower and the arterial spectrum changed from a peaky to a blunt shape (Fig. 6) . 
Discussion
During the second phase of the experiments, blood flow velocity increased as the measurement site approached the optic disc. Arterial peak velocity was found to be approximately twice as fast as venous velocity at all measurement sites. The change in velocity is dependent on multiple factors, such as vessel diameter, vessel resistance to crossroad and branch, vessel tone, turbulence, and blood pressure. The decrease in velocity towards the distal part of the vessel (closer to the capillary) has been reported in previous studies [16] [17] [18] . Several previous studies [19, 20] discuss the difference between temporal and nasal ocular blood flow in humans. Human capillary blood velocity from temporal sites was reported to be, on average, 15% faster than that from nasal sites, corresponding to the equally greater distribution of ganglion cell axons within the same area [20] . Although structures of the retina and the retinal and choroidal vessels of rabbits are not identical to those of humans [15] , the temporal velocities were faster than nasal velocities at all of our measurement sites and were, on average, 13.6% faster than the nasal velocities in our results. More systematic measurements are needed to better understand retinal blood flow physiology.
Others have attempted to measure retinal blood flow velocities in rabbits. While one study [21] reports that the velocity at the rabbit central retinal artery measured with a pulsed Doppler was around 6.5 cm/s, similar to our result at the optic disc edge; other studies, using a scanning laser ophthalmoscope [18] and fluorescein leukocyte angiography [16, 17] report that the maximum velocity in a large rabbit retinal vessel was less than 1 cm/s. However, these latter techniques could only measure average velocity over the vessel diameter and over a cardiac cycle; and their measurement sites were more peripheral than ours, which would result in a much slower velocity compared to arterial peak velocity and the center of the vessel.
Ultrasound has been used as a non-invasive diagnostic method for many years. The ultrasonic transducer's relatively small diameter and needle shape, which is similar to that of microsurgical instruments used for 20-gauge vitrectomy, would allow for easy manipulation and would be acceptable for the vitreous surgeon [15] . The surgeon can use the transducer to measure blood flow velocity at any site of the retinal vessels in spite of any axial length while monitoring through the operating microscope.
The ultrasound Doppler angle and the distance from the target are important factors that contribute to measurement error [22] . Angle estimation in this study may not be optimal, but it should be considered reasonable without Bmode imaging. The distance from the target could be compensated for by electronic time gating. Moreover, this study demonstrated a small standard deviation in angle estimation and a low measurement error with human positioning during the first phase, demonstrating that this measurement for retinal blood flow velocities of rabbits is repeatable and reliable. In the next generation of our Doppler system, a B-mode image with Doppler spectrogram in Duplex imaging [15] will be developed for more accurate measurement of the Doppler angle. Moreover, the size of the intraocular needle transducer will be decreased to allow use with smaller-gauge (23-gauge/25-gauge) vitrectomy systems.
This minimally invasive high-frequency Doppler measurement technique may not be practical for routine measurement of retinal blood flow velocity, but it may be useful for monitoring retinal blood flow in real time before, during, and after surgery. 
